The UK Government estimates that approximately 22 TWh of energy can be saved from English dwellings by 2020 from a range of fabric and heating energy efficiency retrofits. Yet the rate of retrofit uptake has been less than is needed to meet government targets and the retrofits impact on energy demand has been less than predicted. Two questions that must be addressed are: who have (and have not) taken up retrofits and what household factors affect this; and, what impact have these retrofits had on energy use and how does this differ among households. The purpose of this study is to provide a better understanding of the uptake of energy efficiency retrofits and the resulting change in energy demand. A cohort of 168,998 dwellings gas-heated English dwellings was used to examine retrofit uptake from 2002 to 2007 and the change in gas use from 2005 to 2007. The findings show that retrofits do have an attributable impact on reducing energy demand and that combining retrofits displays a dose-response like effect, after controlling for household and dwelling factors. Energy savings play a central role in meeting UK climate change mitigation targets and therefore understanding the take up of energy efficiency retrofits and their impact on energy demand and variations in these retrofits across the population is vital to understand their potential.
Introduction
As part of the UK's commitment to reduce greenhouse gas emissions, energy demand in the existing English housing stock needs to reduce through a comprehensive package of efficiency retrofits alongside decarbonising energy supply [1] . The government estimates that through increased efficiency an energy savings potential of 22 TWh is possible by 2020, a reduction of ∼4.4% from 2012 demand levels of 500 TWh [2] , delivered through a range of energy efficiency measures that focus on dwelling fabric and heating systems. These proposals include: insulating 7.3 million solid walled homes, 5.1 cavity walled homes, 7.4 million lofts, 19.2 million double glazing installations, 17.6 million boiler upgrades, along with millions of dwelling needing heating controls, draught-proofing, heating recovery systems, and smart meters [2] . Further, retrofits would help to mitigate household energy costs from price rises and protect against the effect of cold weather shocks on heating energy demand. Therefore, to address the priority of improving the energy performance of dwellings in the UK evidence is needed to advance understanding regarding the rate of uptake of energy efficiency retrofits across the residential sector and their resultant energy savings.
Approximately 12.2 million UK dwellings have received some form of energy efficiency retrofit since 2000 [3] . The majority of these retrofits were directed toward reducing space heating use through fabric insulation, ventilation control and more efficient heating systems, with many of the retrofits being installed in combination. Despite these installations, the rate of retrofit uptake across UK dwellings has been less than is required to meet UK targets [4] . Further, the impact that these retrofits have on energy demand has been less than predicted [5] . Together, the limited uptake and impact on energy demand pose a clear threat to meeting UK emission reduction targets.
A pressing question that emerges relates to who have (and have not) taken up retrofits and whether household factors affect this uptake over time? A second question is what impact have these measures had on demand and how does it differ among households? Several studies have shown that uptake has varied among English neighbourhoods by income groups, vulnerability, region and age of housing stock [3, 6] . While several cross-sectional studies have shown how dwelling typologies influence retrofit take up, with older dwellings generally needing more insulation and others requiring specific types of retrofit (i.e. cavity filling insulation) and the influence of household characteristics on retrofit presence with lower income, privately renting households living in dwellings with the lowest levels of efficiency [7, 8] . However, to date there has been little work to understand (a) how individual level household or dwelling characteristics modify uptake over time and the type and combination of retrofits, and (b) whether having a retrofit modifies the probability of installing subsequent measures. Further, while studies have attempted to quantify the impact that retrofits have had on energy demand in UK dwellings [9] [10] [11] , there has been little work to understand (a) the extent to which dwelling and household characteristics modify changes in energy demand; and (b) whether cumulative retrofits result in more savings.
The purpose of this study is to provide a better understanding of the uptake of energy efficiency retrofits and the resulting change in energy demand that accounts for individual dwelling and household characteristics, adjusting for potentially confounding and interacting factors. Factors that may be associated with energy efficiency uptake and the impact that retrofit measures have on energy savings include: household practices and their socio-economic characteristics, beliefs and social norms, upfront cost of measures, perception of risks and challenges, perception of institutions such as governments or energy suppliers, ownership, and dwelling characteristics [7, 12] . Higher-income households may also be more able to reduce their energy demand than lower-income dwellings [13] . In this study, the following hypotheses are tested:
1. Households with lower incomes accept/receive more measures than higher income levels. 2. Households that own their homes accept/receive more measures than other tenures. 3. Older dwellings are more likely to take up energy efficiency measures. 4. Older dwellings are less likely to achieve energy savings compared to newer dwellings. 5. Lower-incomes households are less likely to realise energy savings compared to higher incomes.
A population-based cohort study of English dwellings was used to investigate the association between household and dwelling characteristics and the uptake of energy efficiency retrofits from 2002 to 2007 and also corresponding changes in energy use between 2004 and 2007. The study used a sample that was drawn to be representative of English dwellings with a gas connection (90% of all dwellings).
Background
Since 2000, English houses have received millions of energy efficiency interventions comprising fabric insulation, heating system replacements and ventilation control, which have largely been provided through a combination of energy supplier obligations, fuel poverty program and private installations of heating systems and glazing [3] . Despite these efforts, estimates suggest that the trajectory of uptake across all types of retrofit is falling short of the Government's medium ambition pathways [4] . Meeting GHG emissions reduction commitments requires a better understanding of where efficiency retrofits are being taken up (and where take up is lacking), and what impact retrofits have had on energy use in real terms [14] . A UK House of Commons report outlined the challenges being faced to meet these commitments including: a lack of incentives, cost of retrofits, cost of loans and interest rates for retrofit, complex policy mechanisms, technical installation challenges, inadequate installer capacity and training, minimal consumer interest, and unrealised energy savings [15] .
Recent research for England has shown that the rate of uptake for all types of energy efficiency measures between 2000 and 2007 was lower in neighbourhoods with middle and high incomes and also in the rental market, and the highest rates were among neighbourhoods with lower incomes, more benefits and higher levels of owner-occupied dwellings [3] . Several studies for the UK suggest that the rate of uptake of efficiency measures is most influenced by decision-making autonomy (i.e. dwelling ownership), income levels, existing energy performance, and regulatory requirements [7, 8, 16] , and the attitudes and barriers to adopting energy efficiency [12, 17] .
An obvious challenge to achieving a high rate of uptake of energy efficiency among UK homes is that there are real differences in terms of the dwellings' physical construction, design and size, energy performance, existing heating and ventilation systems and appliances, access to fuels and their location [18] . The effect is that seemingly similar houses can have very different levels of energy demand [19] [20] [21] , reflecting real differences in the practices around energy demand.
The literature also shows that variation in the change in energy demand is dependant on the level of efficiency improvement sought (e.g. deep retrofits versus single component improvements) [11] , the quality of the installation, and the response of household occupants (e.g. upfront cost and savings recuperation, comfort taking) [22] . Work by Wyatt showed that installing efficiency measures resulted in changes in gas demand (compared to dwellings with no efficiency measures), including reductions of: 10% for cavity wall insulation, 3% for loft insulation, 8% for condensing boiler installations, and 2% for double glazing installation [9] .
Several of the above studies provide evidence of real changes in energy demand following the introduction of fabric and heating efficiency measures, but do not fully examine the potential variation in changes in energy demand due to dwelling or household features. Of interest in this study is what factors are associated with energy efficiency retrofits uptake, what the actual change in energy demand following the introduction of efficiency measures and whether this change can be attributed to the retrofit while accounting for those dwelling and household factors that affect savings.
Methods
A population-based cohort study was selected to examine the relationship between energy efficiency retrofit uptake and individual dwelling characteristics and the relationship between changes in energy use and installation of energy efficiency retrofits.
Cohort studies are observational studies of a selection of individuals over time and are well suited for studying incidence (i.e. detecting changes in outcome patterns) over time and to determine how outcomes might vary between those exposed to a factor or event and those who are not, with the aim of determining aetiological (causal) links. A cohort looks to follow a population over time to determine how outcomes (e.g. energy demand) change with exposure (e.g. retrofits), rather than being selected for already being exposed and compared (i.e. a case-control study). A cohort study offers the advantage of being able to study numerous factors and levels simultaneously.
Datasets
In this study, a cohort study sample of English dwellings was selected to be representative of the English housing stock using the Homes Energy Efficiency Database (HEED) connected to gas and electricity meters. The study focused on the uptake of energy efficiency retrofits dwellings with a gas connection, which comprises 90% of all primary heating systems in England [23] . Each dataset used in the analysis is described.
Homes energy efficiency database
HEED comprises information on the energy performance and installation of energy efficiency retrofits in England, covering a period from 1993 to 2013. The database is managed by the Energy Saving Trust as a repository of energy efficiency activities that have taken place in the UK and includes data from installers, industry accreditation bodies, energy suppliers, government-funded programs, local authorities and home surveys [24] . Information was collected at a dwelling level and includes a range of dwelling and energy efficiency details on over 16.4 million dwellings in the UK.
The database is broadly representative of the English stock in terms of size and dwelling type, except for flats which were underrepresented, and is shown to provide a considerable breadth of geo-spatial coverage and is estimated to account for 90% of the energy efficiency interventions that took place between 2002 and 2007 [3] .
Energy supplier meter point data
A database of annualised gas and electricity energy supplier meter point data for the years 2004-2007 was used to examine the impact of energy efficiency retrofits on energy demand. The energy data used in the study was the latest made available for connection to the HEED. 1 The energy data was connected to HEED at the address level by DECC and provided for analysis in an anonymised form with only neighbourhood identifiers (i.e. lower layer census output area (LSOA)). The annualised gas demand data is derived from two meter readings at least six months apart and corrected for seasonal normal demand (i.e. annual weather correction) and end-user climate sensitivity [25] . The annualising method provides a means of comparing total gas demand between years that removes the effect of cold or warm weather (described fully in Ref. [25] . The implication of the weather adjustment is that changes over several years are likely to be more appropriate for determining the impact of energy efficiency retrofits than year-to-year change [26] . The gas year is 1 October-30 September. The gas data does not contain an explicit flag for domestic meters, but is typically identified as being less that 73.2 MWh/year. It was assumed that the gas data connected to HEED are for domestic properties only.
The electricity demand data is also derived from meter readings and annualised using a process that allocates meters to domestic annual demand profiles. 2 Electricity data is not corrected for inter-annual weather. Domestic electricity meters are classed into unrestricted electricity or economy 7 meters. Economy 7 meters are on a time charge tariff that offers cheaper electricity during off-peak hours (DECC, 2009b), and are typically used for electric storage heating or hot water. Unrestricted meters are all other uses, which may also include heating and hot water. The annual period for electricity meters is from 30 January to 29 January. 1 N.B. the Dept. of Energy and Climate Change have released a more recent sample of energy data and retrofits, known as the National Energy Efficiency Dataframework (NEED), but was not used in this analysis due to limited information available on the households, the geographic covereage, and the sampling method being in appropriate for a cohort study design. 2 Demand profiles for domestic meters are created using 30 min interval meter data for a statistically representative sample of domestic meters in a given network area for a year [43] . Profile coefficients, representing half-hourly fractions of demand are summed and applied to the meter reading advance (i.e. the difference).
Both the gas and electricity data was provided in an annualised form for use in this analysis. The gas and electricity data was cleaned to remove potentially erroneous data points, including: missing, zero, negative, and very large values (i.e. above 73.2 MWh/year for gas and 50 MWh/year for electricity). A further cleaning was applied to inter-annual changes in demand: meters with missing readings or repeated values in any year (2004) (2005) (2006) (2007) were removed; meters with large changes in demand were also removed, i.e. >±80% of the preceding year. Further details on the meter data are available in Ref. [27] .
Neighbourhood level household characteristics
To examine neighbourhood level effects, data at the LSOA level were used. Experian Mosaic Public Sector data on median income and household type (based on Mosaic classification) were used [28] . Data on age of population, number of benefit claims, and council tax bands were drawn from the Neighbourhood Statistics service [29] . The neighbourhood level data were not collected for every year in the study; therefore data from the nearest year to 2007 were used wherever available. The LSOA level data was connected subsequently using the LSOA codes provided in the anonymised HEED + Energy data. For further details on the LSOA level data, see Appendix A.
Study population-English cohort
To examine the uptake of energy efficiency measures in England's housing stock and its impact on gas demand, the combined HEED + Energy data, relating to approximately 11.6 million unique dwellings along with electricity and gas meters, was used as the basis for selecting the study sample (Fig. 1) . Although HEED contained 16.3 million dwellings, the matched data made available from DECC used in this study comprised a match for 11.6 million dwellings. For computational and testing purposes, a 40% randomly selected HEED + Energy dataset was drawn from the full dataset for detailed analysis.
To draw a sample representative of English dwellings, a sample frame was constructed using the 2011 EHS, which is a cross-sectional survey that is representative of English dwellings and households [30] . The 2011 EHS comprises survey from 2010 to 2011 and was used because it was the latest data to align with HEED at the time of analysis. The sample frame was constructed to be representative of gas-heated English dwellings and comprised: dwelling age, dwelling type, number of bedrooms, government region, and household tenure. To align with HEED variables, EHS dwelling age, type and tenure were recorded to construct the sample frame (see Appendix B).
The sample was drawn using SAS 9.3 Proc Surveyselect [31] . A sample size of 200,000 dwellings was requested using a simple random sampling design, which is selection with equal probability and without replacement. The resulting study sample comprised 168,998 dwellings with gas electricity meters. A comparison of the original HEED + Energy dataset, the 2011 EHS and the study sample is provided in Appendix B.
Energy efficiency interventions
The data available for study , and gas system safety checks for private and social let properties Gas Safety Regulations, 1998 [3, 32, 33] . The retrofit installation process, including its management and financing, depended on the program or mechanism by which it was introduced to the dwelling. Most government and energy supplier programs included a third party installer to oversee the retrofit, while privately financed retrofits were most likely overseen by the resident or landlord. Table 1 details the retrofit interventions available for analysis within HEED. A date (including month and year) of survey or retrofit installation was provided for each energy efficiency retrofit for every dwelling in HEED.
Outcome
For the analysis focused on the uptake of energy efficiency retrofit interventions the outcome of interest was the presence of an energy efficiency measure installed from 2002 to 2007. The analysis grouped all 'major' measures together, which included: cavity wall insulation, loft insulation to 250 mm, double glazing installation, heating system upgrades (including condensing boiler installation), and draught-proofing. Two further subgroups were derived that included 'fabric' measures (wall and loft insulation, glazing, and draught-proofing) and 'heating' measures (all heating system upgrades, including: heating controls, boiler upgrades). In addition to the presence of any intervention, the presence of additional interventions (i.e. any retrofit taking place following an initial retrofit) and the total number of retrofits (i.e. a package of fabric and heating retrofits) were examined. This was in order to determine whether, say, having a fabric intervention (e.g. cavity wall insulation) made a dwelling more or less likely to have subsequent retrofit (e.g. boiler replacement or loft insulation). Also, whether uptake over the period unfolded as packages of energy efficiency retrofits or single interventions. Three outcome measures were examined: (a) the presence of retrofit intervention(s) any time during the period 2002-2007; (b) the presence of subsequent intervention measures within the period; and, (c) the total number of any retrofits over the period.
For the analysis focused on the impact of efficiency retrofit interventions on energy demand the outcome of interest was the change in annualised gas demand between gas years. The available gas data covered only 2004-2007; therefore, the impact analysis only examines interventions within that period. The measures of change in annual gas consumption used for the analysis were the absolute change in demand (measured in kWh/year) and the proportion change in annual demand from one year to the next (measured as a proportional change in demand, unitless). For the purposes of analysis, all energy efficiency retrofit interventions were allocated to the gas year (i.e. 1 October-30 September). Further, there is a chance that households (in all tenures) may have moved during the study period. However, no data exists within the data to determine this and it is expected that these numbers are small 3 and randomly allocated within the sample.
Influencing and confounding factors
Influencing and potentially confounding factors were identified from the literature and accounted for in the analysis, where possible. These factors were classed into two types: physical dwelling characteristics and socio-cultural practices. Physical dwelling characteristics were related to those features of the dwelling that may have an effect on whether a dwelling was eligible for an efficiency retrofit. Dwelling age is likely an important influencing factor on the uptake of energy efficiency retrofits. The type of dwelling will also affect the retrofit take-up. Flats are unlikely to have lofts (unless in converted dwellings) and present more difficulties for wall insulation due to the impractical nature of insulating a single unit (if with external insulation) and more complex ownership structures. These physical factors were also considered to have an effect on changes in gas demand. Older dwellings have been shown to be colder dwellings [22] , and may therefore have a higher potential for temperature take back. Dwelling type will also be a proxy for the number and area of detached walls available for heat loss, which could affect the savings from insulation.
Socio-cultural practices are related to the characteristics and preferences of the household occupying the dwellings that could affect energy efficiency uptake and changes in energy demand. Household income or benefit receipt have been shown to affect the ability to afford energy efficiency retrofits [7] , but also eligibility for government assistance [32] . Household tenure may also affect efficiency uptake due to the decision-making autonomy of a household. Households living in social and private let dwellings are subject to the agreement of landlords to accept retrofits. These issues are also known to affect energy savings that might derive from installed energy efficiency retrofits. Low-income and households on benefits are known to have a higher exposure to poor-quality housing [22, 34] and may have a higher temperature take back potential to achieve thermal comfort [35] .
Statistical analysis
The analysis was carried out using SAS v9.3. Analysis of the uptake of efficiency interventions used logistic regression to examine the presence (0,1) of energy efficiency retrofits during the 2002-2007 period for all interventions, fabric and heating system. The probability of having had an energy efficiency retrofit was modelled for all dwellings, adjusted to control for influencing factors.
General linear models (GLMs) were used to analyse change in energy demand. All categorical variables were entered as classes and a reference class was used against which to determine parameter estimates. Estimates of change in gas demand were made for all dwellings and then adjusted to control for physical and socio-cultural factors. GLM was also selected because the change in energy demand had a Gaussian function distribution.
Results
As sample of 168,998 English dwellings were examined as part of the cohort study analysis. 
Uptake of energy efficiency retrofits among English dwellings
The uptake of fabric measures in the study sample over the period 2002-2007 was highest for cavity wall insulation and loft insulation, and heat systems (the majority of which were boiler installations)-see Fig. 2 . In 2009, the annual uptake rates of reported cavity and loft insulation were around their peak of 50 per 1000 dwellings. Reported condensing boiler installations had a peak uptake rate of 21 per 1000 dwellings in 2007. Cavity and loft insulation and condensing boiler installations held a relatively constant uptake trajectory from 2002 to 2007 (see Fig. 3 ), though there was a change in the number of added installations in cavity and loft insulation in 2008, coinciding with the CERT program.
The incidence rate (i.e. dwellings with measures installed over all dwellings) of uptake over the study period differed considerably between dwelling characteristics. There was a higher uptake of fabric interventions compared with heating measures within the cohort (Table 2) . By dwelling type, the incidence of all major measures was highest among detached dwellings (480 per 1000 dwellings) and lowest among flats (280 per 1000 dwellings). Older dwellings had lower rates of fabric measure uptake than newer dwellings. The majority of the fabric measures are cavity wall filling and therefore these dwellings are more likely to have brick or stone solid walls. The incidence of heating measures shows little difference by dwelling age bands. There is also a higher incidence of heating system installation by dwelling type, particularly detached dwellings and for privately let dwelling tenures.
Whilst the incidence rate provided a measure of the uptake, the likelihood (i.e. dwellings with measures installed over dwellings with no installation) provided a measure of the probability that a dwelling might have a measure installed, and accounts for the size of the population. Using the 'crude' probability (i.e. unadjusted for potentially influencing factors), Table 2 shows that the average dwelling had a 39% chance of having a major measure installed, a 36% chance of fabric measures and a 10% chance of a heating measure during the period. However, compared to the 'crude' stock average, dwellings were more likely to have had a major measure installed if they were: detached (22%), constructed between 1967-75 (40%), privately rented (12%), are with 3 bedrooms 6%), and located in the North East (32%), North West (15%) or the West Midlands (21%).
The impact of dwellings features on the probability of uptake among the study sample over the study period was examined using a logistic regression model. Table 3 shows regression coefficients for the association between dwelling features and the probability of having had a major measure, fabric measure or heating measure installed in the study sample from 2002 to 2007. Unlike Table 2 , these results are modelled together. The results show that the probability of having a retrofit increases with detachedness, is increased in mid-century dwellings, is more likely as income increases or if living in the north and western regions of England.
Change in gas demand in English dwellings
The mean annual change in gas demand for the sample of English dwellings over the study period 2004-2007 was −810 kWh/year, or −4.2% per year. Fig. 4 shows the shift in the distribution in annual gas demand.
Using a GLM regression model, the presence of fabric or heating energy efficiency retrofit is shown to be significantly associated with a reduced demand for gas (see Table 4 ). Adjusting for dwelling type, age, tenure, size, region and median neighbourhood income, the presence of an installed fabric energy efficiency retrofit in English dwellings is on average −790 kWh/year, or a 3.9% reduction from the stock mean gas demand in 2006, and the presence of a heating energy efficiency retrofit is on average −1950 kWh/year, or a 10.4% reduction. In this model, the fabric and heating measures were not additive, and when installed in the same year represented an average reduction in demand of 2290 kWh/dwelling/year, or a 11.7% reduction. The presence of energy efficiency retrofits appears to have a significant impact on gas demand even after adjusting for differences in dwelling and household characteristics, such as number of exposed walls (i.e. dwelling type) and proxies of energy performance (i.e. dwelling age). These results suggest there is an impact on gas demand attributable to the retrofit alone.
The association of the change in energy demand from 2005 to 2007 and specific energy efficiency retrofits installed in 2006 are shown in Table 5 , both unadjusted (model 1) and adjusted for dwelling type, age, tenure, size, region and neighbourhood income (model 2). In the following results, only the adjusted values are described, though there was little difference in the resulting values between the two models.
The mean change in gas demand associated with the installation of cavity wall insulation for dwellings was −1050 kWh/year, or 5.6% of the stock mean gas demand in 2006. For dwellings with loft insulation installed in 2006, this was associated with a 150 kWh/year increase (∼1% of mean 2006 demand), though this was not statistically significant at the 95% level. The installation of double-glazed windows was also not statistically significant and was associated with a mean change in demand of −12 kWh/year. Condensing boilers were associated with a mean change in demand of 1060 kWh/dwelling, or 5.7% of mean 2006 demand, significant at the 95% level.
The trends described above compare closely to the proportional change in gas demand from 2005 to 2007, shown in Table 6 . The results, using a GLM model, are adjusted for dwelling type, age, tenure, size, region and neighbourhood income, and show that cavity wall insulation and condensing boiler installations had a −4.9% and −5.5% change in demand from 2005 to 2007, respectively. Note that loft insulation and double-glazing installation showed almost no associated change in demand. The combined effect of additional measures showed greater reductions in the change in demand, with combinations that included condensing boiler installations and cavity insulations being associated with the largest changes. The adjusted added effect of cavity wall and loft insulation and a condensing boiler was associated with an −11.2% change in demand. In this modelling, there is some evidence to suggest that the retrofits are additive, i.e. combined measures achieving the reductions for single measures added together. The Table also contains a sensitivity analysis that includes electricity in the dependant variable. Whilst the trend is the same, the magnitude of change is less when including electricity. Unrestricted electricity demand is approximately a one fifth the demand for gas, which means that it should b Likelihood compared to stock average ('All'). c Odds ratio of dwellings characteristic over stock average ('All'). have little overall effect. However, due to its low annual rate of change (i.e. ∼1%) it slightly reduces the magnitude. When stratified by household tenure, the presence of an energy efficiency retrofit is significantly associated with changes in gas demand for owner-occupiers (Table 7 ). An analysis of variance using least squared means (due to the unbalanced nature of the design, i.e. uneven group sizes) showed no significant difference in the change in gas demand between tenure types (test not shown). However, the associated change in demand for owner-occupiers was higher than the stock averages shown in Table 6 . Focusing on cavity wall insulation, socially rented dwellings show the lowest change in demand (∼−3%), while privately rented dwellings Table 4 Regression coefficients (standard deviation) of gas demand per dwelling adjusting for selected dwelling, household and neighbourhood characteristics with and without fabric and heating retrofits.
Factors
Gas change the most (∼−8%). Changes in energy demand associated with condensing boiler installations are greatest for owner occupiers (∼−6%), while socially and privately rented dwellings show changes around −4%. The stratified change in gas demand associated with retrofits by dwelling age shows larger changes in gas demand for the 1967-75 group (see Table 8 ). Stratifying by neighbourhood income shows a more consistent trend with neighbourhoods in the lower-income quintile associated with on average lower changes in gas demand and higher incomes having greater changes (see Table 9 ).
Discussion
Using a cohort of gas-connected English dwellings, the study examined the associations between the uptake of energy efficiency retrofits (insulation, heating and draught proofing) over the period 2002-2007 and a number of dwelling features (type, age, size, region) and household characteristics (tenure, median neighbourhood income). The study tested: whether older dwellings, owner-occupied dwellings and low income dwellings were more likely to the have higher rates of energy efficiency retrofit uptake; and whether older dwellings and households living in lower income neighbourhoods had lower than average energy savings. In the following, the dwelling and household determinants of energy efficiency retrofits and of energy savings are discussed along with the implication the findings have on providing packages of energy efficiency retrofits and in shaping energy policy.
Determinants of energy efficiency retrofits uptake
Owner-occupied, 3 bedroom detached dwellings built in the mid-20th century in areas of lower neighbourhood income in the northern English regions were associated with a higher probability of having measures. This reflects both the nature of the measures (i.e. older more inefficient homes), the ability to accept or undertake measures, and being the target of government programs. The uptake model found that as neighbourhood incomes increased, the probability of having a major measure installed over the study period decreased, offering further support that households living in areas marked by higher incomes are not investing in their property compared to low-income areas that are the focus of government policy, therefore supporting the hypothesis (H1) that low-income households are more likely to receive and accept energy efficiency retrofits. Broadly speaking, ownership and income remain important determinants of having energy efficiency retrofits.
The findings supports the notion that there is a lack of investment by owner occupiers but ultimately rejects the hypothesis that people who own their home receive and accept more measures than other tenure types (H2). However, the finding is not necessarily suggesting that this household type is a driver of uptake, but rather reflects the investment in energy efficiency for vulnerable customers through supplier obligation (which comprise the bulk of the interventions in England) and government schemes over the study period [32] , and interest [17] .
Older dwellings were less likely than the stock average to have reported retrofits during the study period. The model showed an inverted 'U-shape' curve for the uptake of fabric retrofits, with both older (and in theory less efficient) and newer dwellings not having insulation installed, and with dwellings built in the 1967-75 and 1976-82 age bands having the highest probability of retrofits over the period. This was particularly the case for fabric measures and the high uptake rates of cavity wall insulation. This finding rejects the notion that older dwellings are more likely to have energy efficiency measures (H3). While older dwellings may be relatively more inefficient and are therefore in greater 'need' of retrofits that improve the fabric, the finding points to the nature of the insulation needed. Older English dwellings are more likely to be constructed of solid brick or stone and that means 'cheap' insulation techniques such as blown insulation in cavity walls is not a viable option. Both the supplier and government programs excluded insulation for solid-walled dwellings.
Determinants of energy savings
Introducing energy efficiency retrofits resulted in attributable energy savings, after controlling for the effects of dwelling type, size, age, tenure, region and neighbourhood income. The retrofit associated with the largest change in (adjusted) energy demand over the three-year period was the installation of a condensing gas boiler, −5.2%, with the second largest being cavity wall insulation at around −3.8%. The effect of the combined installation of a condensing boiler, and cavity and loft insulation was around −11%. These findings are very similar in scale to results from a previous study of British houses under the Warm Front scheme, which found that loft and full cavity wall insulation reduced demand within a one-year period by 10-17% [36] . While the change in energy demand associated with the retrofit are lower compared to notional 'savings' or the Hong et al. study, it is important to bear in mind that these changes control for physical, household and area-based factors. The effect of controlling for physical factors on energy 'savings' means that the effect of number and area of exposed walls is removed as is any effect related to the age of the dwelling, while household effects could reflect ability to afford larger areas to heat and greater comfort conditions. By controlling for these factors, the effect of the retrofit can be isolated, which is important for determining a 'baseline' of expected change in demand on which future estimates could rely.
After adjustment, neither loft insulation or double glazing were associated with significant energy savings over the three-year period. In these cases, it may be that the effect is on average fairly small and/or cannot easily be detected using annualised energy data. Although glazing is one of the thermally weakest elements of the building fabric, the area of double glazing replaced will have an effect on the potential energy savings. However, because of the way the data was reported, it was not possible to account for glazing area replaced. The majority of loft insulations were top-ups of around 5-75 mm and therefore the change in gas demand would be minimal.
There are differences in the savings associated with certain household/dwelling groups. Dwelling age appears to have an inconsistent effect on changes in gas demand, with the 1967-75 group having much greater reduction in demand for all single retrofit measures compared to other age bands. It is not necessarily the case, therefore, that older dwellings are less likely to have greater energy savings than newer dwellings (H4). The variation may in part be explained by the eligibility and type of retrofits installed. Cavity wall filling is most applicable to mid-century and onward dwelling age bands, with few being applicable to pre-1950 or post-1990 dwellings. The impact of boilers among this mid-century group was also greater (after controlling for size), which could reflect a number of building design features, such as the nature of the installed heating systems which according to the 2011 EHS have a higher prevalence of gas central heating [37] .
Changes in energy demand were lower among households with low socio-economic levels, such as renting or living in areas of lower income, therefore supporting the hypothesis that lower incomes are less likely to realise energy savings compared to higher-income households (H5). This trend may be attributed to these households have higher levels of energy utility (i.e. greater need for the amount used) [16] . Both social renting and living in lower income neighbourhoods is associated with reduced energy demand, even after controlling for type and age of dwelling (Table 4) , which may also suggest that these households have a greater potential for increasing demand that energy efficiency retrofits enable. The differences could also be construed as 'comfort taking', whereby these households in areas of lower income reduce the potential 'energy savings' by taking the savings in the form of temperature increases, an effect that has been shown in a study of vulnerable households in England [35] .
Whole-house retrofit packages
The impact of energy efficiency retrofits, after adjustment for physical and household factors, demonstrated a dose-response effect whereby combined packages of retrofits was associated with increasing changes in energy demand. Larger increases in reductions in gas demand were associated with boilers and cavity wall insulation, with only minor additional effects from lofts and glazing. The largest change in gas demand was associated with the combined installation of a condensing boiler, and cavity and loft insulation at −10.8%. Although not always statistically significant, when combined the changes in energy demand were generally greater than additive, e.g. the individual change attributable to cavity insulation (−3.8%) and condensing boiler installation (−5.2%) and loft insulation (1.2%) ought to result in a change of −7.8%, but was instead greater (though in some other combinations less). The findings point to the potential impact that undertaking deep retrofits could have on energy demand. Combining retrofits into single package may have benefits in achieving energy demand reduction and potential cost-savings of installation (e.g. wall scaffolding is only set up once). It may also be that there is a 'take-back' threshold after which rebound related to thermal comfort is lessened (i.e. the potential rebound has been met).
A 'whole-house' retrofit package delivered to all homes in England is needed in order realise the potential energy savings set out in the DECC energy efficiency strategy. If an average energy savings of 10% (e.g. ∼2300 kWh reduction) were achieved from the average UK dwelling, it would take approximately 9,565,000 'whole-house' retrofits to achieve the estimated 22 TWh of energy savings by 2020, which is equivalent to retrofitting 40% of UK dwellings. To achieve a 10% reduction in 2006 levels by 2020 (i.e. 54 TWh) through energy efficiency alone would take the equivalent of every home in the UK being refurbished (i.e. 23,500,000). Although further efficiencies may be gained from water heating and appliances, space-heating related energy comprises the bulk of residential demand and therefore should remain a high priority under government policy. Achieving these savings is an enormous task that will require a significant increase in historical rate of retrofit uptake. However, this research shows that these savings are achievable using widely available technologies and insulating techniques that rely on an existing deployment system and skill base.
Implications for energy efficiency policy
There is a strong historic track record in the UK of policy helping to improve the energy efficiency of dwellings occupied by vulnerable and low-income households. However, future policies will need to address the gap in the uptake of retrofits among older, owner occupied dwellings in areas of higher incomes. This middle-income household group also use more energy on average, after controlling for home size, age and type, and thus the potential impact on absolute energy savings is greater. However, the shift in government policy toward encouraging middle-income households to self-invest in their dwelling's energy efficiency has faced an uphill struggle. For example, the UK Government's Green Deal prioritised self-investment by providing access to upfront capital and a payback process that assured the cost of the retrofit would be equal to the notional savings, known as the 'golden rule' [38] . The policy, however, failed to reach anywhere near its target and was closed in mid-2015. While this research suggests that the Green Deal was broadly targeting the right household groups and dwelling types (i.e. those with historically lower uptake rates), the low retrofit take up suggests that the Green Deal was not addressing actual barriers to uptake or exploiting the motivations of the targeted household groups. A recent survey found that most households considering energy efficient retrofits were doing so for reasons that related to amenity renovations and not for energy savings alone; that energy efficiency retrofitters were a select group more likely to be older, owner-occupier homes with few dependants; and that emergency repairs was a strong trigger for retrofitting existing systems [39] . Given the size and potential of this group, barriers around the cost of financing and trigger points could be addressed to potentially improve uptake.
There is good evidence to show that notional energy savings are rarely achieved in reality. As such, government policymakers tend to take an approach of 'factoring' estimated savings in order to reflect this shortfall. However, this introduces a number of complications: first, using modelled estimates of energy demand will inevitably fail to be representative of actual demand and therefore savings [5] ; second, the using factors should not penalize potential savers or undermine the potential payback of the retrofit. Instead, it would be preferable to directly use empirical data to estimate energy savings that reflects a number of socio-technical factors, such as those in this study. In doing so, it would be possible to provide more accurate estimates of energy savings for individual households (with appropriate uncertainty bands) and more widely for the housing stock.
Strengths and weaknesses
The study relies on reported retrofits drawn from a number of programs over the study period collected by the Energy Saving Trust into the Home Energy Efficiency Database. Whilst EST undertook precautions to check data for erroneous entries and applied 'trust' flags to data from different suppliers (i.e. accredited installers and surveyors were more trusted than web-based surveys), using this data means that it is not possible to verify the accuracy of the reported data. This could mean that some homes may have reported some retrofits when none were installed (or vice versa). However, it was assumed in this study that such events would likely occur randomly (i.e. without systematic bias) because of the number of data providers and the low theoretical probability of installers, assessors and homeowners consistently mis-reporting the same class of retrofit. Also, many retrofits require specialist installers (cavity wall insulation and double glazing installation) and are regulated (i.e. condensing boiler and double glazing installation).
Another potential weakness are changes in energy performance standards related to the installed retrofits. However, the findings from this research are still broadly applicable to present day interventions being installed. In the UK the regulations governing retrofits ('Part L1 B-Conservation of fuel and power in existing buildings') were updated in 2006 (from 2003), 2010 and 2013. The analysis on the impact of the retrofits in 2006 would be subject to the 2006 regulations and while the changes in the 2010 regulations did seek to build on the 'minimum standards' of energy performance (as set out for new buildings), they maintained considerable flexibility.
In terms of the representativeness, the study sample was drawn to be representative of six key English dwelling and household variables, including: dwelling age, type, number of bedrooms, and age, the region and household tenure, it means that sample cannot necessarily represent other non-sampled variables, particularly as they related to the household (e.g. occupants or income levels). The study should only be used for the purposes of describing the housing stock and not the households therein. Finally, within the English dwelling stock, households will move, split, grow and cease. Such changes could have an impact on these results but are assumed to occur randomly and are expected to be small. The cohort design of the study allows for these effects within English dwellings because of the representative sampling strategy and through the size of the sample.
Conclusions
This study has shown that it is possible to construct a robust cohort sample from pre-existing datasets that is broadly representative of the English housing stock and to use population level analysis techniques to assess the take up of energy efficiency retrofits and the impact of these interventions on energy demand over a defined study period. This study provides a step toward a more robust empirically-based population-level approach to studying energy demand that accounts for variation among different dwelling and household groups. The method emphasises associations, rather than causation, as a means for generating hypotheses that can be further explored in more detailed studies.
Energy efficiency retrofits do have an attributable impact on reducing space-heating related energy demand and that combining retrofits displays a dose-response like effect on energy demand, after controlling for household and dwelling factors. In order to meet the intended energy efficiency targets, the retrofit take up rate will need to significantly increase. Meeting these uptake and energy savings targets can be broadly achieved using existing technologies and deployment process. 
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Appendix C. : Detailed proportional change models
See Table C1 . 
